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Abstract  
 
An understanding of the phylogeography and evolutionary processes involved in 
speciation is essential for the conservation and management of any particular 
species. To investigate the phylogeographic patterns in Agama atra from the Cape 
Fold Mountains (CFM), 98 individuals from 38 geographically close localities 
were analysed. In addition, to understand the phylogeographic associations 
between the CFM populations and the rest of Southern Africa, 18 specimens from 
12 localities outside the CFM were also included. A total of 988 characters 
derived from two mitochondrial DNA fragments (control region and ND2) 
revealed 59 distinct haplotypes in the CFM. Parsimony, Bayesian and maximum 
likelihood analyses revealed four distinct clades associated with geography within 
the CFM. These clades were supported by a haplotype network and were defined 
as the Cape Peninsula clade, the Limietberg clade, the northern CFM clade and 
the central CFM clade. Analysis of molecular variance confirmed the high degree 
of genetic structure within the CFM, with more than 75% of genetic variation 
found among the geographic areas. SAMOVA and nested clade analysis (NCA) 
suggest that the central CFM clade may be more diverse than detected by the 
networks and the phylogenetic analyses. The processes that caused the four 
distinct genetic groups in the CFM are not yet clear. Using a speculative 
molecular clock estimate, the main cladogenesis of A. atra within the CFM took 
place, approximately ~6.5 - 9 MYA. This dating coincides well with the 
documented Miocene-Pliocene climate fluctuations which might have contributed 
towards the isolation among lineages. The genetic structure found in A. atra is 
also markedly congruent with what has been found in other taxa such as 
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Mesamphisopus spesies, Potamonautes brincki, and Pedioplanis burchelli and 
this would further support vicariance as a main isolating factor here. 
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Opsomming 
 
‘n Goeie begrip van die filogeografie en die evolusionêre gebeurtenisse wat 
verband hou met spesiasie is belangrik vir die bewaring en bestuur van enige 
spesie. Om die filogeografiese patrone in Agama atra van die Kaapse Plooiberge 
(KPB) te ontleed, was 98 individue van 38 nabygeleë lokaliteite geanaliseer. 
Tesame met bogenoemde monsters was 18 individue van 12 lokaliteite van buite 
die KPB ook geanaliseer om die filogeografiese verwantskappe tussen die KPB 
bevolkings en die res van Suidelike Afrika te ondersoek. Uit ‘n totaal van 988 
karakters verkry uit twee mitochondriale DNS fragmente (die kontrole gebied en 
ND2) is 59 haplotipes gevind. Parsimonie en modelgebaseerde filogenetiese 
analises dui daarop dat vier groepe geassosieer met geografie binne die KPB 
voorkom. Die groepe word geondersteun deur ‘n haplotipe netwerk en word soos 
volg gedefinieer: ‘n Kaapse Peninsula groep, ‘n Limietberg groep, ‘n noordelike 
KPB groep en ‘n sentrale KPB groep. Analises van molekulêre variansie 
(AMOVA) bevestig die hoë graad van genetiese struktuur binne die KPB, met 
meer as 75% genetiese variasie gevind tussen die geografiese areas. SAMOVA en 
gesetelde groep analises (“NCA”) stel voor dat die sentrale KPB groep dalk meer 
variasie vertoon as wat die netwerk en filogenetiese analises vertoon. Die prosesse 
wat die vier genetiese groepe tot stand gebring het is nog nie bekend nie. Volgens 
‘n spekulatiewe molekulêre klok berekening het die hoof kladogenese van A. atra 
binne die KPB ongeveer ~6.5 - 9 miljoen jaar (MJ) gelede plaasgevind. Hierdie 
datering stem goed ooreen met die gedokumenteerde Mioseen-Plioseen klimaat 
veranderinge wat isolasie van die groepe kon bewerkstellig het. Die genetiese 
struktuur van A. atra in the KPB is ook gevind in ander taksa soos 
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Mesamphisopus spesies, Potamonautes brincki, en Pedioplanis burchelli en 
bevestig dus dat vikariansie hier die hoof faktor vir isolasie is.
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Chapter 1: Introduction 
 
1.1 Phylogeography 
Identifying patterns of genetic variation within and among populations, and 
subsequently attempting to explain the variation, is of great importance to the 
global conservation of biodiversity. In identifying the processes influencing the 
evolution of taxa in a certain geographical area, hypotheses can be formulated 
regarding the patterns of genetic diversity.  These hypotheses can be tested and 
the results obtained from these studies will ultimately lead to a better 
understanding of how certain historic events may have influenced populations 
(Nielson et al. 2001).  Ultimately this information will enhance our ability to 
make predictions regarding natural ecosystem functioning and this in turn will 
allow for more efficient conservation planning in future.  
 
Contemporary and historical processes of genetic drift, gene flow, and migration 
are known to determine the distribution of genetic variation among populations 
within species (Slatkin 1987). Phylogeography integrates information about the 
genealogies and their geographical distribution to make conclusions about 
historical patterns of gene flow (Avise 1994). Phylogeographic studies can thus 
greatly enhance our present understanding of these historical processes. In 
addition co-distributed species often reflect similar phylogeographic structures 
(Avise 2000; Ditchfield 2000; Sullivan et al. 2000; Willis & Whittaker 2000; 
Arbogast & Kenagy 2001; Branch et al. 2003). These congruent phylogeographic 
structures have been documented in Southern Africa in the arid north-western 
region of South Africa where at least four studies indicated similar disconcordant 
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patterns in genetic diversity across the Knersvlakte: A. atra (Matthee & Flemming 
2002), Pronolagus rupestris  (Matthee & Robinson 1996), Pachydactylus species 
(Lamb & Bauer 2000) and Miniopterus schreibersii (Miller-Butterworth et al. 
2003). Because congruent phylogeographic patterns among multiple taxa (with 
different life histories) might be indicative of large scale genetic breaks it has 
important conservation implications for this region.  
 
Five general phylogeographic categories were proposed by Avise et al. (1987):  
1) genetically distinct populations associated with separate geographic 
regions;  
2) discontinuities in gene phylogeny that are not associated with spatial 
separation;  
3) continuity in gene phylogeny with spatial separation;  
4) continuity in gene phylogeny with no spatial separation; and 
5) continuity in gene phylogeny with partial spatial separation. 
Although these categories are probably too exact, and in a way outdated in the 
modern era of statistical phylogeography (Knowles & Maddison 2002; Knowles 
2004), they do provide a rough description that might be valuable for comparisons 
among taxa. It is thought that category 1 occurs more commonly in nature than 
the others (Avise et al. 1987). For Agama this pattern can also be seen in A. atra 
mentioned above (Matthee & Flemming 2002) and A. impalearis found 
throughout Morocco (Brown et al. 2002). The Atlas Mountains divide A. 
impalearis populations into two distinct clades; a north-west clade and a south-
east clade. These clades are morphologically indistinguishable due to the 
ecologically similar habitats occurring on both sides of the Atlas Mountains. 
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There are many factors that can contribute to population subdivision, amongst 
others: strong territoriality in social structure – Matthee & Robinson 1999; 
presence of physical or ecological barriers – Gifford et al. 2004; habitat choice - 
Branch et al. 2003; gender-biased patterns of dispersal - Rassmann et al. 1997; 
Kerth et al. 2002. These aside, Avise (1994) regarded the mobility of the 
organism, fragmentation of the environment, and long-term separation of 
historical populations as perhaps the most important influences on 
phylogeographic patterns. It is thus likely that local adaptations occur in 
populations exhibiting minimal migration among populations/regions (Schluter 
2000). For example, species with low mobility, such as some reptiles, generally 
have a well-defined spatial genetic structure (Poulakakis et al. 2003; Crochet 
2004), whereas highly mobile species, like some mammals, generally show little 
spatial differentiation (Burland & Worthington 2001; Newton et al. 2003). In 
addition restriction to certain substrates may give rise to geographical isolation of 
populations, resulting in high species diversity (Poynton & Broadley 1978).  
 
1.2 Molecular markers  
In sexually reproducing organisms, genomes can be regarded as permanent 
records containing information that will reflect vicariance events, population size 
changes, and current and historic gene flow patterns among individuals of a 
population/s (Avise 1994; Hillis et al. 1996).  
 
Mitochondrial DNA (mtDNA) was the initial, and still is the most frequently 
used, molecular marker in phylogeographic studies. Although mtDNA is a singly-
linked gene system, it has several advantages over nuclear loci: they are 
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maternally inherited with a lack of recombination and have a simple sequence 
organization (Macaulay et al. 1999). In addition, nucleotide substitutions occur at 
a rapid pace, and in the absence of recombination, allow for the detection of 
recently diverged lineages (Avise et al. 1987). The popularity as an evolutionary 
marker for phylogeographic studies is enforced by the fact that the analyses of 
mtDNA sequence data are better understood than those of alternative nuclear 
markers, such as data derived from microsatellites.  In addition, mitochondrial 
DNA genes/fragments show extensive variations in evolutionary rates, making it 
useful over a large span of divergences (Lopez et al. 1997; Pesole et al. 1999; 
Avise 2000). 
 
Statistical analysis of mtDNA data has led to several advantages within 
population genetic studies: a) it provides good resolution to detect population 
differentiation (Costello et al. 2003; Small et al. 2003); b) it can be used to 
distinguish between habitat-dependent selection regimes and historical 
fragmentation, isolation-by-distance and colonisation effects (Macey et al. 1998; 
Hurwood & Hughes 2001; Branco et al. 2002); and c) in many instances the data 
can be used to estimate rough divergence times among lineages/clades and also to 
infer a timescale on the coalescence of haplotypes (Griswold & Baker 2002; 
Kotlik & Berrebi 2002). 
 
1.3 Agama atra natural history 
The southern rock agama is endemic to Southern Africa and has a widespread 
distribution from the Cape, northwards to southern Namibia, and east to 
KwaZulu- Natal, and extending across the Great Escarpment into Mpumalanga 
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(Branch 1998; Fig 1). Agama atra shows a well-developed social structure 
(Bruton 1977) with hierarchies formed by both sexes. Female territories are 
smaller than that of males and several female territories are overlapping with the 
larger male territories. The species generally occurs on rocky areas throughout its 
range and is not found in areas with dense vegetation (Burrage 1974). 
 
Habitat-specific animals such as the saxicolous species might be restricted in their 
movement due to unsuitable habitat between two rocky outcrops.  The patchiness 
of the rocky areas may isolate populations and consequently result in high genetic 
differentiation among geographically close populations. Rocky outcrops have 
frequently been documented as refuges to mountain-dwelling species (Crochet et 
al. 2004) and in Southern Africa several studies have found distinct evolutionary 
lineages for vertebrates occurring on disjunct rocky habitats (e.g. Prinsloo & 
Robinson 1992; Jacobsen 1994; Matthee & Robinson 1996; Bauer 1999; Matthee 
& Flemming 2002). Bauer (1999) suggested that the pattern of cladogenesis of 
Southern African rock-dwelling geckos has been strongly influenced by limited 
dispersal among the fragmented mountain habitats. However, most often the 
mountain habitat by itself is much older than the separation among 
clades/populations (Prinsloo & Robinson 1992; Matthee & Robinson 1996; 
Matthee & Flemming 2002; Crochet et al. 2004).  The isolation among lineages is 
thus often the result of a combination of factors, such as limited dispersal coupled 
to palaeo-climatic climate changes, that caused animals to be confined to refugia 
(Prinsloo & Robinson 1992; Matthee & Robinson 1996; Matthee & Flemming 
2002; Crochet et al. 2004; Daniels et al. 2004).    
 
Stellenbosch University  http://scholar.sun.ac.za
 20 
1.4 Agama atra phylogeography within Southern Africa 
Based on size and reproduction attributes A. atra can be divided into two 
geographical groupings (Mouton & Herselman 1994). The first group is found in 
the north-western region of the Northern Cape Province and comprises larger size 
lizards, with a long breeding season. The second group occurs in the southern and 
eastern regions of South Africa and the lizards are smaller, with a shorter breeding 
season (Flemming 1996). The distributions of A. atra subspecies, A. a. knobeli 
and A. a. atra correspond loosely with these two groupings (Branch 1998).  In a 
previous taxonomic investigation into the phylogeographic structure of A. atra the 
existence of these groupings were confirmed and in fact three mtDNA clades 
were detected (Matthee & Flemming 2002). The first clade extends over southern 
Namibia, the second is restricted to the arid north and central regions of South 
Africa and the third occurs in southern and eastern regions of South Africa (see 
Fig. 1). The authors suggested that the southern Namibian clade be recognized as 
a distinct species (A. knobeli) and it will be treated as such in the present study. 
The taxonomic rank of the north-central clade and the south-eastern clade is not 
yet clear, but haplotypes belonging to these clades are reciprocally monophyletic. 
A congruent pattern with other saxicolous taxa such as Pronolagus (Matthee & 
Robinson 1996) and Pachydactylus (Lamb & Bauer 2000) suggests vicariance as 
the main driving force behind the genetic isolation. 
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Figure 1. The distribution map of A. knobeli and the two distinct A. atra groupings found by 
Matthee & Flemming (2002). (Reproduced directly from Matthee & Flemming 2002). 
  
  
1.5 Fine scale population structure of Agama atra in the Cape Fold 
Mountains 
A previous study by Matthee and Flemming (2002) was based on a few 
populations sampled throughout the range.  It was thus not possible for these 
authors to identify any fine-scale structuring influencing genetic isolation among 
lineages.  In an attempt to better identify factors driving the evolution of the 
species, a more dense sampling approach was required. The present study thus 
only focused on individuals belonging to the south-eastern clade as described by 
Matthee and Flemming (2002).  In this clade the authors indicated that 
populations showed isolation by distance among sampling areas but, more 
importantly, there were no shared haplotypes among populations. 
 
North-
central 
group
South-
eastern 
group
A .knobeli
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The south eastern clade mainly span the Cape Floristic Region (CFR) which is 
one of six floral kingdoms and thus an important global "repository of 
biodiversity" (Cowling & Holmes 1992; Myers et al. 2000).  This region has the 
highest known levels of local plant endemism outside tropical forests (Cowling & 
Holmes 1992; Myers et al. 2000). Linder (2003) suggests that the high degree of 
floral endemism in this region is the consequence of unique island-style habitat 
patches. These patches also differ in amongst other aspects, climate, soil and 
topography, from the rest of Southern Africa. Furthermore, floral speciation and 
differentiation in this region can be attributed to habitat fragmentation and 
restriction associated with climatic fluctuation during the Pliocene and 
Pleistocene (Linder et al. 1992; Midgley et al. 2001; Richardson et al. 2001; 
Linder 2003). Despite the great interest in the flora of the CFR, many aspects of 
the biogeography and evolution of the region’s fauna remain poorly understood 
(Deacon 1983; Linder 2003). 
 
The Cape Fold Mountains (CFM) represents a series of mountain belts that extend 
parallel to the continental margin, and are an integral element of the CFR. The 
CFM is the centre of endemic mammal richness within South Africa and also has 
the highest restricted range of species richness (Gelderblom & Bronner 1995).  
This mountain range is also inhabited by a unique collection of herpetofauna, 
comprising no fewer than 186 currently recognized species (28% of which are 
endemic, Baard et al. 1999). The high level of endemism coupled to the complex 
topography provide a potentially valuable system for studying evolutionary 
processes driving genetic differentiation in Southern Africa (see Linder 2003).  
Although the spatial patterns of genetic and phenotypic variation within and 
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among reptiles in the CFM are not well documented, fragmented distributions 
have thus far been recorded in taxa such as Arthroleptella species (Channing et al. 
1994), Pedioplanis burchelli (Makokha 2004) and Bradypodion species (Tolley et 
al. 2004).  
 
1.6 Molecular markers used in the present study 
To explore the fine-scale phylogeographical patterns within A. atra from the 
CFM, two genes were sequenced: the mitochondrial gene ND2 (subunit 2 of 
NADH dehydrogenase), and the hypervariable region I of the mitochondrial 
control region (CR). The ND2 gene has proven useful for resolving the 
phylogeographical relationships among lizard species (e.g. Brown et al. 2002; 
Townsend & Larson 2002; Tolley et al. 2004; Matthee et al. 2004) and primers 
were based on Macey et al. (1997 a, b). When first described, the CR was 
believed to illustrate the fastest rate of evolution in the mitochondrial genome 
(Brown et al. 1979) and it is thus widely used for intraspecific studies (e.g. Hirota 
et al. 2004; Ravaoarimanana et al. 2004; Winney et al. 2004). Although very few 
studies on lizards have used CR, Brehm (2003) suggested that CR could be useful 
to resolve intraspecific phylogenies and this marker was thus also included.  
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1.8 Aims 
The main aim of this study was to expand the published work of Matthee and 
Flemming (2002) and to investigate the fine scale phylogeographic structure of A. 
atra within the CFM.  Apart from only focusing on the CFM, some additional A. 
atra representatives from outside the CFM were included to act as reference for 
the evolutionary interpretation. Knowledge obtained from this will potentially 
enhance our current understanding of the population genetic processes driving 
evolution in this taxon and the results obtained from this study will also provide 
additional evidence of potential vicariance in the region.  
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Chapter 2: Materials and methods 
 
2.1 Samples 
Tissue samples from 98 A. atra were collected from 38 localities spread 
throughout the CFM (Fig. 2). Tail clippings were preserved in 96% ethanol for 
DNA extraction. To provide a phylogenetic context between A. atra from the 
CFM and the rest of Southern Africa, 16 samples from 12 localities throughout 
Southern Africa were also included (Appendix A). The closely related sister 
taxon, A. knobeli was used to root the trees in the phylogenetic analyses. 
 
2.2 Molecular techniques 
Total genomic DNA was extracted following standard procedures with a 
proteinase K digestion, phenol/chloroform purification and ethanol precipitation 
(Sambrook et al. 1989). The ND2 gene was amplified and sequenced using 
primers L4437 (Macey et al. 1997a) and H5934 (Macey et al. 1997b), using 
standard PCR procedures and an annealing temperature of 53 oC. Agama-specific 
CR primers were designed using primer walking. The initial amplification was 
done using the L15162 Cyt b primer (Palumbi & Kessing 1991) and a newly 
designed 12S rRNA primer (H1204 – 5' ACA AGC CTA TAC ATG CAA GC 3') 
that was available in the laboratory. This ~2600 bp region spans the entire control 
region and was sequenced to design the CR primers (L15850 – 5' TAC TGC CTC 
TAA CCT CAA CC 3' and H698 – 5' GCT TGC ATG TAT AGG CTT GT 3').  
Primer3 software (Rozen & Skaletsky 2000) was used and primer names 
correspond to positions on the human mitochondrial genome (Anderson et al. 
1981). In some instances amplification was problematic and to eliminate all 
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Figure 2. Map of sampling localities of Agama atra and A.knobeli used in this study. A. knobeli 
was sampled at a = Aus and  A. atra individuals outside the CFM were sampled at b = 
Eksteenfontein, c = Augrabies, d = Postmansburg, e = Vaalputs, f = Nieuwoudtville, g = 
Grahamstown, h = Transkei, i = Bloemfontein, j = Qwa-Qwa, k = Pretoria, l = Beaufort West. The 
CFM is indicated by the black box and the numbers herein represent: 1 = northern Cederberg, 2 = 
Cederberg, Sneeukop, 3 = southern Cederberg, 4 = Turretpeak, 5 = Kaggakamma, 6 = Groot 
winterhoek, 7 = Waboomsberg, 8 = Thumas hut, 9 = Bainskloof, 10 = Limietberg, 11 = 
Jonkershoek 12 = Gordons Bay, 13 = Devilspeak, 14 = Silvermine, 15 = Scarborough, 16 = 
Saldomsdam, 17 = Steenboksberg,  18 = Riviersonderendberg, 19 = Robertson, 20 = 
Keeromsberg, 21 = Witteberg, 22 = Anysberg, 23 = Tradouw Pass, 24 = Klein Swartberg, 25= Die 
Hel, 26 = Attakwa/Robertsonspas, 27 = Hartenbos, 28 = Outeniqua, 29 = Millwood, 30 = 
Tsitsikamma, 31= Baviaanskloof, 32 = Hudsonvale, 33 = Kareedouw, 34 = Cockscomb, 35 = 
Elandsberg, 36 = Lady Slipper, 37 = Port Elizabeth, 38 = Suurberg.  
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missing data two internal primers were designed, forward primer L15895 (5'-
AGC TTA ATA CAA AGC GCA GT-3') and reverse primer H592  (5'-CAC 
ATG ATC TTT CCA AGA CC -3'). 
 
The PCR reactions were performed in 50-µl volumes containing ≅ 25 ng genomic 
DNA, 0.2 µM of each primer, 0.2 mM dNTPs, 1.5-2.5 mM MgCl2, 5 µL of 
reaction buffer and 0.5 units BioTaq DNA polymerase (Bioline). PCR 
amplification was performed under the following conditions: 1 min denaturing at 
95 oC, followed by 35 cycles of denaturation (35 s at 95 oC), annealing for 30 s (at 
53 oC for ND2 and 50 oC for control region) and extension (45 s at 72 oC), with a 
final extension at 72 oC for 3 min, using GeneAmp PCR system 2700 (Perkin-
Elmer). Negative controls (template-free PCR reactions) were included each time.  
 
PCR products were separated and visualized through 0.8% agarose gels 
containing ethidium bromide. Gel purification was done using the Wizard gel 
extraction kit (Promega). The purified products were cycle sequenced using the 
BigDye terminator kit v3.0 (Applied Biosystems) and analysed on a 3100 ABI 
automated sequencer. Sequences were edited with Sequence Navigator v1.01 
(Perkin Elmer). Sequence alignment was initially performed in Clustal X 
(Thompson et al. 1997) using default parameters. To ensure optimal alignment 
the aligned sequences were manually adjusted in MacClade version 4.0 
(Maddison & Maddison 1992).  
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2.3 Data analyses  
2.3.1 Haplotype networks 
Traditionally phylogeography was founded on tree-based reconstructed 
genealogies of individuals sampled from different populations (Althoff & Pellmyr 
2002). These methods are, however, often inadequate to draw conclusions on 
fine-scale population structure because geographically neighbouring individuals 
generally share a close evolutionary origin.  The amount of genetic divergence is 
thus often too low to generate meaningful resolution as the pattern of divergence 
is not bifurcating. Unrooted networks are more sensitive to resolve the 
relationships among closely related haplotypes (Excoffier et al. 1992) because 
they assess the distribution and relationship of haplotypes among the localities 
without assuming bifurcation events. Several haplotypes/individuals can thus be 
joined by a single node, which at the population level is clearly a more accurate 
way of reflecting the relatedness among maternal lineages. 
 
To investigate genetic relationships among haplotypes from the CFM, median-
joining networks were constructed using Network version 4.1 (Bandelt et al. 
1999). Networks were drawn separately for the two markers used and included all 
individuals (n = 98) for ND2 (549 bp) and CR (439 bp). A median-joining 
network was also constructed using a combined dataset.  
 
Uncorrected p-distances between groups were calculated using MEGA 2.1 
(Kumar et al. 2001) and haplotype diversity (h) and nucleotide diversity (pi) 
among groups were calculated in Arlequin ver2.0 (Schneider et al. 2000).  The 
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latter was performed to assess the genetic variability within each clade identified 
in the network.  
 
2.3.2 AMOVA analyses 
The distribution of mitochondrial variation within and between assemblages was 
investigated by an analysis of molecular variance (AMOVA, Excoffier et al. 
1992) as implemented in Arlequin ver 2.0 (Schneider et al. 2000).  
AMOVA analysis was performed on the separate and the combined datasets. Two 
hierarchical levels were considered: (i) an overall AMOVA incorporating all of 
the major mtDNA lineages, and (ii) pair-wise AMOVAs between each of the 
major mtDNA lineages. Due to small sample sizes from many localities, 
individuals were assigned to groups on the basis of their phylogenetic relatedness.  
These “groups” were identified by the median-joining network. An advantage of 
this subjective pooling method is that it avoids difficulties relating to the 
sometimes ambiguous group assignments based solely on geography. This 
approach offers a means of assessing the degree of genetic differentiation among 
mtDNA lineages/groups. Consequently, these data can support other quantitative 
measures (e.g. bootstrapping and average genetic distances).  
 
To assess the genetic divergence among these major mtDNA lineages, FST and 
ΦST were estimated. FST takes into account only the differences in haplotype 
frequencies observed in different populations, while ΦST takes into account both 
the haplotype frequencies and the nucleotide diversity (Weir & Cockerham 1984; 
Hurwood & Hughes 1998; Beheregaray & Sunnucks 2001). The Tamura-Nei 
model was used to construct a distance matrix (Tamura & Nei 1993), the 
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corresponding gamma shape distribution parameter (α = 0.678) was calculated 
using maximum likelihood in PAUP* 4.0b10, and 10 000 permutations were used 
to test the significance of F and Φ-statistics. The Tamura-Nei model was chosen 
as it accounts for substitutional rate differences between nucleotides, inequality of 
nucleotide frequencies, and distinguishes between transition and transversion 
frequencies. 
 
2.3.3 SAMOVA  
To a posteriori identify genetically distinct geographical groupings that might 
represent populations SAMOVA version 1.0 (spatial analysis of molecular 
variance; Dupanloup et al. 2002) was used on the combined data set. SAMOVA 
uses geographical information and the sequence data to identify groups of 
populations that are geographically homogeneous and maximally separated from 
each other. The program aims to maximize the proportion of total genetic 
variation due to differences between groups of populations based on a simulated 
annealing procedure. It also incorporates traditional F-statistics (FCT, FSC, FST) in 
recognising population substructure. FCT is the proportion of total genetic variance 
due to the differences between groups of populations; FSC reveals the degree of 
differentiation between populations within groups; FST shows the genetic 
variation between subpopulations relative to the total population. One hundred 
simulated annealing processes were performed for each possible number of 
populations, ranging from two through to ten populations for the combined 
dataset (ND2 + CR).  
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2.3.4 Isolation by distance  
To determine whether phylogeographic patterns correlated with geographic 
distance, the Mantel test (Mantel 1967) was performed in MANTEL (available 
from http://life.bio.sunysb.edu/morph/).  The data were grouped a priori using the 
most well differentiated sets of sampling localities suggested by the SAMOVA. 
From the sequence data the FST values between these groupings were calculated. 
The geographic distances (straight line distances) were estimated in ArcView GIS 
3.2 using the central point in each geographic region. Given the mountainous 
habitat where A. atra is found, this distance estimate is certainly an underestimate 
of the “real” geographic distances among localities. However, in the absence of an 
appropriate model to correct for these biases and in support of the simplified 
technique used in this thesis, the CFM are generally considered to form part of the 
mountain complex known as the Great Escarpment (DEAT 1997) and it is thus 
reasonable to suggest that a roughly similar underestimate is applicable to most 
distance measurements.   
 
2.3.5 Nested clade analysis  
To gain further insight into the demographic history of A. atra, a nested clade 
analysis (NCA) was run on the combined dataset. NCA uses the protocol and 
nesting rules outlined by Templeton et al. (1987) and Templeton and Sing (1993), 
to transform a haplotype tree into a hierarchical set of nested clades. TCS version 
1.02 (Clement et al. 2000) was used to determine whether the number of 
mutations between some of the clades could be unambiguously connected.  In 
instances where the connection exceeded the 10-step limit in our study it is 
advisable to analyse these clades separately. The clades were nested using the 
Stellenbosch University  http://scholar.sun.ac.za
 32 
rules described by Templeton et al. (1987), and Geodis 2.0 (Posada et al. 2000) 
was used to test for significant associations between the nested clades and 
geographic location. Geodis 2.0 (Posada et al. 2000) tests three parameters 
simultaneously: 1) The average clade distance (DC) measures for all individuals or 
haplotypes within a particular nesting group, the average distance between 
haplotypes and the estimated geographical center; 2) Nesting clade distance (DN) 
measures, for all haplotypes or groups within the next highest nesting level, the 
average distance of individuals or haplotypes from the estimated geographical 
center; 3) Interior-tip distances measures the relative geographical spread of 
younger groups (tips) to older groups (interior), compared to other groups within 
the same nesting group. Using the updated inference key provided in Templeton 
(2004), biological inferences were made for groups that were statistically 
significantly associated with geography. 
 
2.4 Estimation of divergence times 
The constant molecular clock assumption has been extensively used in 
phylogeographical studies for estimation of the divergence times for mtDNA data. 
However, the divergence times inferred from DNA should be interpreted with 
caution as lineage-specific substitution rate variation and differences in 
substitution rates between genes appear to be rather common phenomena 
(Bromham et al. 1996; Graur & Martin 2004).  
 
Because no calibration point was available for A. atra, estimates of divergence 
times were done under the constant molecular clock assumption. Estimation of 
divergence times among A. atra clades was calculated using the ND2 gene and 
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were obtained by applying a range of absolute substitution rates for agamid 
lizards. Divergence times were first estimated based on the expected evolutionary 
rate of 0.65% sequence divergence per lineage per million years, obtained from 
agamid lizards (Macey et al. 1998). This rate has been used for the ND2 region in 
studies on other lizards’ species (Glor et al. 2001; Daniels et al. 2004; Gifford et 
al. 2004) and especially for another agama species Agama impalearis (Brown et 
al. 2002). However, for a more comprehensive analysis, two other calibrated 
Acrodonta mtDNA molecular clocks (0.6% and 0.4% sequence divergence per 
million years) were also suggested (Raxworthy et al. 2002). Uncorrected pairwise 
distances were obtained using only the ND2 sequences in MEGA 2.1 (Kumar et 
al. 2001), as explained above. 
 
2.5 Phylogenetic analyses. 
As mentioned above, traditional bifurcating phylogenetic analyses are often 
inadequate for phylogeographical studies. On the other hand, these methods can 
be useful where complete lineage sorting has occurred.  To explore the 
relationships among A. atra within the CFM and other populations within 
Southern Africa (16 samples of 12 localities), three methods of phylogenetic 
reconstruction were implemented on the combined dataset: parsimony, maximum 
likelihood and Bayesian inference.  
 
Parsimony was implemented in PAUP 4.0b10 (Swofford 2002). Unweighted 
parsimony analyses were done using the heuristic search option with TBR branch 
swapping and 100 random additions of taxa. Nodal support was assessed by 1000 
bootstraps (Felsenstein 1985). The hierarchical likelihood ratio test (hLRT; 
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Huelsenbeck and Crandall 1997) employed in Modeltest 3.06 (Posada & Crandall 
1998) was used to determine the optimal model of nucleotide substitution for each 
gene and the combined data set. Maximum likelihood was implemented in 
PHYML (Guindon & Gascuel 2003), and nodal support was assessed by 1000 
bootstraps. A consensus tree with the resulting 1000 PHYML trees was produced 
by CONSENSE in PHYLIP (Felsenstein 1993), and visualized with TREEVIEW 
version 1.6.6 (Page 1996).  Bayesian analyses were performed using MRBAYES 
version 3.1.1 (Huelsenbeck & Ronquist 2001) and six rate categories with 
uniform priors for the gamma distribution and invariable sites were specified. 
Four independent searches were performed for the combined dataset. Four 
Markov chains (one cold, 3 heated) initiated from random trees for 5 000 000 
generations were run with trees saved every 100 generations. The burn-in was 
determined and the first 20 000 trees were excluded by examination of log-
probabilities in Microsoft  Excel (2002). The remaining trees were used to 
construct 50% majority rule consensus trees in PAUP 4.0b10 indicating the 
posterior probabilities for nodes.  
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Chapter 3: Results 
 
3.1 Control region  
The analysis of the mtDNA control region fragment derived from 98 CFM 
individuals were based on a total number of 439 bp of sequence and, of these, 44 
sites were polymorphic and 30 were parsimony informative. The ratios of the 
A:C:G:T nucleotides were 0.300: 0.233: 0.116: 0.351. A total of 36 CR mtDNA 
haplotypes were recovered (h = 0.944 ± 0.011; pi = 0.0181 ± 0.009). The median-
joining network revealed four distinct mtDNA clades (Fig. 3), corresponding to 
different geographic locations (Fig. 4). These groupings can be defined as a Cape 
Peninsula clade (localities 13, 14 and 15), a northern CFM clade (localities 1, 2, 3, 
4, 6), a Limietberg clade (localities 9 and 10) and a central CFM clade (made up 
of individuals that are distributed throughout the remainder of the CFM; Fig. 2). 
No haplotypes were shared between regions which is indicative of the absence of 
any recent female gene flow among the assemblages.   
 
The average uncorrected sequence divergences between haplotypes in the four 
CFM clades are given in Table 1. The highest average pairwise nucleotide 
divergence was between the Limietberg clade and the central CFM clade (4.47% 
± 0.94%). Within each of these clades, average sequence divergence was below 
1%. 
 
AMOVA analysis was conducted on the four clades detected in the haplotype 
network. These clades revealed a high degree of genetic subdivision with more  
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Figure 3. Control region median-joining network obtained for 36 A. atra haplotypes. The four A. 
atra clades, Cape Peninsula clade, northern CFM clade, Limietberg clade and central CFM clade, 
are indicated by the broken lines. Branch lengths longer than one step are indicated on the 
branches and red circles indicate intermediate missing haplotypes as suggested by Network.  
 
 
 
 
Figure 4. Geographic distribution of the four A. atra clades within the CFM. The colours 
correspond to those in Fig. 3 with blue squares indicating the Cape Peninsula clade, the yellow 
dots represent the Central Cape Fold clade, the green squares correspond to the Northern Cape 
Fold clade and the pink squares show the localities of the Limietberg clade.  
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 Table 1. The average uncorrected sequence divergences among the four mtDNA clades, Pretoria, the northern-central Southern Africa and A. knobeli for CR (below 
diagonal) and ND2 (above diagonal). Standard errors are given in brackets. 
 
 Northern 
CFM 
Limietberg Cape 
Peninsula 
Central 
CFM 
Pretoria 
 
Northern-central 
southern African 
A. knobeli 
 
Northern 
CFM 
— 4.53% 
(0.84) 
 
4.55% 
(0.86) 
 
5.34% 
(0.88) 
 
6.70% 
(0.93) 
 
8.59% 
(1.03) 
 
9.25% 
(1.32) 
 
Limietberg 3.54% 
(0.81) 
— 4.70% 
(0.83) 
 
4.18% 
(0.08) 
 
5.34% 
(0.117) 
 
8.89% 
(1.11) 
 
10.08% 
(1.32) 
Cape 
Peninsula 
2.17% 
(0.58) 
4.07% 
(0.91) 
— 4.44% 
(0.79) 
5.68% 
(0.91) 
8.99% 
(1.08) 
10.05% 
(1.27) 
Central 
CFM 
3.13% 
(0.70) 
4.47% 
(0.94) 
1.12% 
(0.39) 
— 6.20% 
(0.94) 
8.42% 
(1.07) 
10.01% 
(1.32) 
Pretoria 
 
3.67% 
(0.83) 
4.87% 
(1.01) 
3.48% 
(0.86) 
2.58% 
(0.87) 
— 9.54% 
(1.09) 
10.51% 
(1.34) 
Northern-central 
Southern 
African 
4.86% 
(0.74) 
6.04% 
(0.94) 
4.03% 
(0.69) 
4.19% 
(0.68) 
4.80% 
(0.76) 
— 8.02% 
(1.07) 
A. knobeli 
 
7.11% 
(1.20) 
7.40% 
(1.16) 
6.35% 
(1.11) 
6.35% 
(1.20) 
6.41% 
(1.12) 
6.80% 
(1.04) 
— 
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 than 78% of genetic variation among the geographic areas (FST = 0.784, p < 0.001; 
ΦST = 0.784, p < 0.001, Table 2). All pairwise FST and ΦST values among 
populations were also significant (Table 3), with the highest value (FST = 0.96; ΦST = 
0.96) between the Cape Peninsula clade and the Limietberg clade. Nucleotide and 
haplotype diversity was highest for the central CFM clade (Table 4). 
 
 
 
 
Table 2. AMOVA results of the CR.  
 
Source of 
variation df 
Sum of 
Squares 
Variance 
Components 
Percentage of 
Variation 
Among 
Populations 3 238.693 5.68762 Va 78.45 
Within 
Populations 94 146.877 1.56252 Vb 21.55 
Total 97 385.569 7.25014  
 
 
 
Table 3. FST estimates (below diagonal) and ΦST values (above diagonal) among the four A. atra clades 
for the CR. Significance values (p) are given in brackets.  
 Northern CFM Limietberg  Cape Peninsula  Central CFM 
Northern 
CFM 
-  0.91  
( < 0.001)   
0.86 
( < 0.001)    
0.79 
( < 0.001)    
Limietberg  0.91 
( < 0.001) 
- 0.96  
( < 0.001)   
0.84 
( < 0.001)   
Cape 
Peninsula  
0.86  
( < 0.001) 
0.96 
( < 0.001) 
- 0.45  
(< 0.001)   
Central CFM 0.79  
( < 0.001)  
0.84 
( < 0.001) 
0.46 
( < 0.001) 
- 
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Table 4. The molecular diversity indices of the four clades for CR. Standard errors are given in 
brackets.  
Locality  Number of 
individuals 
Number of 
haplotypes  
Molecular diversity indices  
Haplotype 
diversity (h) 
Nucleotide 
diversity (pi) 
Northern CFM 13 8 0.910 
(0.056) 
0.004 
(0.003) 
Limietberg 5 2 0.400 
(0.237) 
0.001 
(0.001) 
Cape 
Peninsula 
7 3 0.714 
(0.127) 
0.002 
(0.002) 
Central CFM. 73 23 0.906 
(0.017) 
0.008 
(0.005) 
 
 
 
3.2 ND2 
The segment of the mitochondrial ND2 fragment (549 bp) in 98 A. atra individuals 
contained 73 variable sites, of which 53 sites were parsimony-informative, with most 
of the variation observed in third codon positions (44 parsimony-informative 
characters). The ratios of the A:C:G:T nucleotides were 0.359: 0.249: 0.123: 0.270. 
The polymorphic sites defined 45 haplotypes (h = 0.958 ± 0.009; pi = 0.024 ± 0.012). 
Network analysis of the ND2 dataset (Fig. 5) recovered the same four distinct mtDNA 
clades associated with geography as were found for CR (Fig. 4).  
 
The ND2 gene showed a slightly higher amount of sequence divergence than the CR 
among the four clades, with the highest between the northern CFM clade and the 
central CFM clade (5.34% ± 0.88%; Table 1). Within each of these clades, average 
sequence divergence among haplotypes was once again below 1%.  
 
AMOVA analyses for the ND2 gene indicated that the highest percentage of variance 
is among the different geographic regions (FST = 0. 878, P < 0.001; ΦST = 0. 890, P < 
0.001, Table 5) and not within the geographic regions. The highest pairwise FST and 
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ΦST values were again between the Cape Peninsula clade and the Limietberg clade, 
plus all pairwise values among all populations were again significant (Table 6). 
Nucleotide and haplotype diversities were the highest for the central CFM clade 
(Table 7) as also seen in CR. 
 
 
 
 
 
Figure 5. ND2 median-joining network obtained for 45 A. atra haplotypes. The four A. atra clades, 
Cape Peninsula clade, northern CFM clade, Limietberg clade and central CFM clade, are indicated by 
the broken lines. Branch lengths longer than one step are indicated on the branches and red circles 
indicate intermediate missing haplotypes as suggested by Network.  
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Table 5. AMOVA results of ND2. 
 
Source of 
variation df 
Sum of 
Squares 
Variance 
Components 
Percentage of 
Variation 
Among 
Populations 3 445.470        10.71921 Va 87.84 
Within 
Populations 94 139.469         1.48371 Vb            12.16 
Total 97 584.939 12.20292  
 
 
 
Table 6. FST estimates (below diagonal) and ΦST values (above diagonal) among the four A. atra clades 
for ND2. Significance values (p) are given in brackets.  
 
 Northern 
CFM 
Limietberg  Cape 
Peninsula  
Central 
CFM 
Northern 
CFM 
-  0.967  
( < 0.001)   
0.957  
( < 0.001)    
0.897 
( < 0.001)    
Limietberg  0.964 
( < 0.001) 
- 0.955 
( < 0.001)   
0.848 
( < 0.001)   
Cape 
Peninsula  
0.952 
( < 0.001)  
0.950 
( < 0.001) 
- 0.859 
( < 0.001)   
Central CFM 0.883 
( < 0.001)  
0.838 
( < 0.001) 
0.847 
( < 0.001) 
- 
 
 
 
 
Table 7. The molecular diversity indices of the four clades for ND2. Standard errors are given in 
brackets. 
 
Locality  Number of 
individuals 
 
Number of 
haplotypes  
Molecular diversity indices  
Haplotype 
diversity (h) 
Nucleotide 
diversity (pi) 
Northern CFM 13 5 0.539 
(0.161) 
0.001 
(0.001) 
Limietberg 5 3 0.700 
(0.218) 
 
0.001 
(0.001) 
Cape Peninsula 7 5 0.905 
(0.103) 
0.003 
(0.003) 
 
Central CFM 73 32 0.939 
(0.013) 
 
0.007 
(0.004) 
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3.3 Combined mtDNA data set  
The two mtDNA data sets revealed the exact same pattern when analysed separately 
and were combined for a total analysis. A total of 59 mtDNA (988 bp; 439 bp of CR 
and 549 bp of ND2) haplotypes were identified in 98 A. atra samples (h = 0.981 ± 
0.005; pi = 0.0214 ± 0.011). Base frequencies were A:C:G:T = 0.333: 0.242: 0.120: 
0.306. The combined dataset revealed 117 variable sites of which 83 were parsimony 
informative. The haplotype network of the combined analyses (Fig. 6) confirms the 
individual analyses and clearly indicates the existence of four distinct mtDNA clades 
that correspond to different geographic locations (Fig. 4). The pairwise FST and ΦST 
values again indicated that the highest percentage of the genetic variation lies among 
the geographic areas (FST = 0.833, p < 0.001; ΦST = 0.852, p < 0.001; Table 8). All 
pairwise FST and ΦST values were significant (Table 9). The highest value was 
between the Cape Peninsula clade and the Limietberg clade and the central CFM 
clade showed the highest nucleotide and haplotypic diversity (Table 10).  These 
results were identical to the individual analyses.  
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Figure 6. Combined median-joining network obtained for 59 A. atra haplotypes. The four A. atra 
clades, Cape Peninsula clade, northern CFM clade, Limietberg clade and central CFM clade, are 
indicated by the broken lines. Branch lengths longer than one step are indicated on the branches and 
red circles indicate intermediate missing haplotypes as suggested by Network.  
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Table 8. AMOVA results of the combined dataset 
 
Source of 
variation df 
Sum of 
Squares 
Variance 
Components 
Percentage of 
Variation 
Among 
Populations 3 670.008 16.05038 Va 83.31 
Within 
Populations 94 302.349 3.21648 Vb 16.69 
Total 97 972.357 19.26686  
 
 
Table 9. FST estimates (below diagonal) and ΦST values (above diagonal) among the four A. atra clades 
for the combined data set. Significance values (p) are given in brackets. 
 
 Northern 
CFM 
Limietberg  Cape Peninsula  Central 
CFM 
Northern 
CFM 
-  0.945  
( < 0.001)   
0.930 
( < 0.001)    
0.857 
( < 0.001)    
Limietberg  0.942 
(< 0.001) 
- 0.960 
( < 0.001)   
0.845 
( < 0.001)   
Cape 
Peninsula  
0.934 
( < 0.001)  
0.955 
( < 0.001)   
- 0.770 
( < 0.001)   
Central 
CFM 
0.838 
( < 0.001)  
0.826 
( < 0.001) 
0.750 
( < 0.001) 
- 
 
 
 
 
Table 10. The molecular diversity indices of the four clades for the combined dataset. Standard errors 
are given in brackets. 
 
Locality  Number of 
individuals 
 (n) 
Number of 
haplotypes (M) 
Molecular diversity indices  
Haplotype 
diversity (h) 
Nucleotide 
diversity (pi) 
Northern CFM 13 10 0.949 
(0.051) 
0.003 
(0.002) 
Limietberg 5 3 0.700 
(0.218) 
0.001 
(0.001) 
Cape Peninsula 7 5 0.905 
(0.103) 
0.003 
(0.003) 
Central CFM 73 41 0.970 
(0.008) 
0.008 
(0.004) 
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3.4 SAMOVA analysis and isolation by distance  
SAMOVA analysis showed the largest increase in FCT (0.811) when the geographic 
areas were partitioned into six groups (see Table 11 and Fig. 7). However, beyond 
these six groups the FCT values still increased, but at a very slow rate. This is probably 
a response to the decrease in FSC that would continue until all sampling areas are 
separate (Dupanloup et al. 2002). Three of the populations proposed by SAMOVA 
are consistent with the already identified clades (the Cape Peninsula; northern CFM; 
Limietberg). Furthermore, SAMOVA suggests that the central CFM clade can be 
further subdivided into three geographically separate groups (Fig. 7): eastern, middle 
and western CFM populations. However, there is an anomalous result whereby the 
most eastern locality (Suurberg) falls within the western CFM population. The 
northern CFM group is the first single locality to fall out at the larger regional scale, 
which is consistent with the network and AMOVA results, showing that this region is 
genetically the most isolated in the CFM (Table 11). The Mantel test revealed no 
significant relationship (P = 0.399) between the genetic and geographic distances for 
the comparisons of the six distinct groups identified by the SAMOVA (Fig. 8). 
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Table 11. Results of SAMOVA analyses. Significance based on 100 simulations, where *p < 0.05. The 
geographic partitioning which shows the largest increase in FCT is indicated in bold.  
 
#groups 
 
Group composition 
 
FST 
 
FSC 
 
FCT 
 
2  1. Cape Peninsula, Limietberg, Jonkershoek, Saldomsdam, Steenboksberg, 
Riviersonderendberg, Gordon’s Bay, Witteberg, Suurberg, Lady Slipper, 
Keeromsberg, Baviaanskloof, Port Elizabeth, Tsitsikamma, Kaggakamma, 
Robertson, Kareedouw, Thomas hut, Waboomsberg, Millwood, Anysberg, 
Attakwa, Outeniqua, Die Hel, Klein Swartberg, Tradouw Pass, Hartenbos, 
Cockscomb, Elandsberg, Hudsonvale 
2. Northern CFM  
0.941 0.847 0.616 
3 1. Cape Peninsula, Jonkershoek, Saldomsdam, Steenboksberg, 
Riviersonderendberg, Gordon’s Bay, Witteberg, Suurberg, Lady Slipper, 
Keeromsberg, Baviaanskloof, Port Elizabeth, Tsitsikamma, Kaggakamma, 
Robertson, Kareedouw, Thomas hut, Waboomsberg, Millwood, Anysberg, 
Attakwa, Outeniqua, Die Hel, Klein Swartberg, Tradouw Pass, Hartenbos, 
Cockscomb, Elandsberg, Hudsonvale 
2. Northern CFM 
3. Limietberg 
0.942 0.801 0.709 
4 1. Jonkershoek, Saldomsdam, Steenboksberg, Riviersonderendberg, Gordon’s Bay, 
Witteberg, Suurberg, Lady Slipper, Keeromsberg, Baviaanskloof, Port Elizabeth, 
Tsitsikamma, Kaggakamma, Robertson, Kareedouw, Thomas hut, Waboomsberg, 
Millwood, Anysberg, Attakwa, Outeniqua, Die Hel, Klein Swartberg, Tradouw 
Pass, Hartenbos, Cockscomb, Elandsberg, Hudsonvale 
2. Northern CFM  
3. Cape Peninsula 
4. Limietberg 
0.937 0.720 0.776 
5 1. Cape Peninsula, Limietberg, Jonkershoek, Saldomsdam, Steenboksberg, 
Riviersonderendberg, Gordon’s Bay, Witteberg, Suurberg, Lady Slipper, 
Keeromsberg, Baviaanskloof, Port Elizabeth, Tsitsikamma, Kaggakamma, 
Robertson, Thomas hut, Waboomsberg, Anysberg, Attakwa, Outeniqua, Die Hel, 
Klein Swartberg, Tradouw Pass, Hartenbos, Cockscomb, Elandsberg, Hudsonvale 
2. Limietberg  
3. Kareedouw 
4. Millwood 
5. Northern CFM 
0.938 0.803 0.682 
6 1. Jonkershoek, Saldomsdam, Steenboksberg, Riviersonderendberg, Gordon’s 
Bay, Suurberg, Keeromsberg, Kaggakamma, Robertson, Thomas hut 
2. Northern CFM 
3. Limietberg 
4. Lady Slipper, Baviaanskloof, Port Elizabeth, Tsitsikamma, Kareedouw, 
Millwood, Cockscomb, Elandsberg, Hudsonvale 
5.Witteberg, Waboomsberg, Anysberg, Attakwa, Outeniqua, Die Hel, Klein 
Swartberg, Tradouw Pass, Hartenbos  
6. Cape Peninsula 
0.907 0.506 0.811 
7 1. Jonkershoek 
2. Limietberg 
3. Lady Slipper, Baviaanskloof, Port Elizabeth, Tsitsikamma, Kareedouw, 
Millwood, Cockscomb, Elandsberg, Hudsonvale 
4. Northern CFM 
5. Cape Peninsula 
6. Saldomsdam, Steenboksberg, Riviersonderendberg, Gordon’s Bay, Suurberg, 
Keeromsberg, Kaggakamma, Robertson, Thomas hut 
7.Witteberg, Waboomsberg, Anysberg, Attakwa, Outeniqua, Die Hel, Klein 
Swartberg, Tradouws Pas, Hartenbos  
0.905 0.465 0.822 
8 1. Jonkershoek, Saldomsdam, Steenboksberg, Riviersonderendberg, Gordon’s Bay 
2. Suurberg 
3. Witteberg, Waboomsberg, Anysberg, Attakwa, Outeniqua, Die Hel, Klein 
Swartberg, Tradouw Pass, Hartenbos 
4. Lady Slipper, Baviaanskloof, Port Elizabeth, Tsitsikamma, Kareedouw, 
Millwood, Cockscomb, Elandsberg, Hudsonvale 
5. Cape Peninsula 
6. Northern CFM 
7. Limietberg 
8. Keeromsberg, Kaggakamma, Robertson, Thomas hut 
0.904 0.414 0.837 
9 1. Keeromsberg, Kaggakamma, Robertson, Thomas hut 
2. Witteberg, Anysberg, Attakwa, Outeniqua, Die Hel, Klein Swartberg, Tradouw 
Pass, Hartenbos 
3. Northern CFM 
4. Suurberg 
5. Waboomsberg 
6. Jonkershoek, Saldomsdam, Steenboksberg, Riviersonderendberg, Gordon’s Bay 
7. Cape Peninsula 
0.904 0.372 0.847 
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8. Limietberg 
9. Lady Slipper, Baviaanskloof, Port Elizabeth, Tsitsikamma, Kareedouw, 
Millwood, Cockscomb, Elandsberg, Hudsonvale  
10 1. Jonkershoek, Saldomsdam, Steenboksberg, Riviersonderendberg, Gordon’s Bay 
2. Cape Peninsula 
3. Witteberg, Anysberg, Attakwa, Outeniqua, Die Hel, Klein Swartberg, Tradouw 
Pass, Hartenbos 
4. Northern CFM 
5. Suurberg 
6. Kareedouw 
7. Limietberg 
8. Waboomsberg 
9. Keeromsberg, Kaggakamma, Robertson, Thomas hut 
10. Lady Slipper, Baviaanskloof, Port Elizabeth, Tsitsikamma, Millwood, 
Cockscomb, Elandsberg, Hudsonvale  
0.904 0.371 0.847 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Geographic distribution of the six A. atra populations identified by SAMOVA within the 
CFM. 
 
    Group 1  
    Group 2 / Northern CFM 
    Group 3 / Limietberg 
    Group 4  
    Group 5  
     Group 6 / Cape Peninsula 
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Figure 8. Scatter plot showing the lack of isolation by distance among the CFM A. atra sampling sites. 
 
3.5 Nested clade analysis  
For the nested clade analyses the four main clades could not be connected with 95% 
parsimony support so each clade had to be treated as a separate unit.  Only the central 
clade contained enough individuals to carry out a nested clade analysis (Fig. 9). 
Significant geographical association of clades and sampling locations occur at all six 
different nesting levels, including the total cladogram (Table 12). The nested clade 
analysis detected two main groups within the central CFM lineage: 5-1 (middle-
eastern group) and 5-2 (western group). Restricted gene flow with isolation by 
distance was suggested by Templeton’s (2004) inference key as the most likely 
process creating these two clades (Table 12). A mixture of population historical 
events can be found within these two main clades throughout the hierarchical nested 
clade structure of haplotypes (Table 12), with restricted gene flow with isolation by 
distance as the dominant process shaping evolution. When these findings are 
compared to the SAMOVA analysis not all the localities which form the western 
group are part of the western group as suggested by SAMOVA.  
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Figure 9. The nesting design inferred only from the central CFM network for A. atra.  Each line in the 
network represents one mutational change. Filled circles represent missing haplotypes. The number 
inside each block indicates the nesting level. 
 
 
 
Table 12. Inference chain based on results of geographical dispersion analysis. Only those clades that 
resulted in a rejection of the null hypothesis are included in this table.  
 
Clade Chain of inference Inference  
2-4 1-2-3-4-NO Restricted gene flow with 
isolation by distance 
2-13 1-2-3-4-NO Restricted gene flow with 
isolation by distance  
3-2 1-2-3-4-9NO Past fragmentation  
 
4-1 1-2-3-4-NO Restricted gene flow with 
isolation by distance 
4-3 1-2-3-5-15-NO Past fragmentation  
 
4-4 1-2-3-5-15-NO Past fragmentation  
 
5-1 1-2-3-4-NO Restricted gene flow with 
isolation by distance 
5-2 1-2-3-4-NO Restricted gene flow with 
isolation by distance 
Total cladogram 1-2-3-4-NO Restricted gene flow with 
isolation by distance 
5-1 
5-2 
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3.6 Estimation of divergence times 
The Agamid ND2 clock, following the mutational rates used by Macey et al. (1998), 
dates the split of these four A. atra groups at 6.5 - 8.5 million years ago (MYA; Table 
13). The full range of estimated dates based on the two other calibrated points of 0.6% 
and 0.4% sequence divergence per million years (Raxworthy et al. 2002) is 7 MYA – 
13.5 MYA (Table 13). This suggests that the main cladogenesis within the CFM took 
place at the end of the Miocene and the beginning of the Pliocene. 
 
 
 
Table 13. Estimates of divergence times for three different evolutionary rates. The percentage pairwise 
genetic deference among the four major A. atra clades is given in the first column. 
 
 Macey et al. 1998 
0.65%/my 
Raxworthy et al. 2002 
0.6%/my 
Raxworthy et al. 2002 
0.4%/my 
Divergence 
time Range 
Divergence 
time Range 
Divergence 
time Range 
Northern CFM 
vs. Limietberg 
(4.53%±0.84) 
6.97 MYA 5.68-8.26 7.55 MYA 6.15-8.95 11.32 MYA 9.23-13.43 
Northern CFM 
vs. Cape 
Peninsula 
(4.55%±0.86) 
6.92 MYA 5.68-8.32 7.58 MYA 6.15-9.02 11.38 MYA 9.23-13.53 
Northern CFM 
vs. Central 
CFM 
(5.34%±0.88) 
8.22 MYA 6.86-9.51 8.90 MYA 7.43-10.36 13.35 MYA 11.15-15.55 
Limietberg vs. 
Cape Peninsula 
(4.70%±0.83) 
7.23 MYA 5.95-8.51 7.83 MYA 6.45-9.22 11.75 MYA 9.68-13.83 
Limietberg vs. 
Central CFM 
(4.18%±0.08) 
6.43 MYA 6.31-6.55 6.90 MYA 6.83-7.1 10.45 MYA 10.25-10.65 
Cape Peninsula 
vs. Central 
CFM 
(4.44%±0.79) 
7.20 MYA 5.62-8.04 7.40 MYA 6.08-8.72 11.10 MYA 9.13-13.8 
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3.7 The CFM association with the rest of Southern Africa  
 
The total data set (the 59 CFM haplotypes and 16 samples from localities spread 
throughout Southern Africa) comprised 988 characters, of which 219 were variable 
and of these 154 were parsimony informative. Third-position sites of the ND2 region 
account for over half of the phylogenetically informative sites in the total data set 
(51%). A similar base-topology was found for all phylogenetic methods with 
differences restricted to terminal nodes (Figs. 10 - 12). The parsimony analysis 
recovered 432 equally parsimonious trees of 431steps long (CI = 0.599; RI = 0.861). 
Modeltest proposed the Hasegawa-Kishino-Yano model (HKY) for both the CR and 
ND2, however HKY + Γ was proposed for the CR and HKY + Γ + I for ND2. For the 
combined data set, the HKY plus invariant sites (I = 0.579) plus gamma shape (Γ = 
0.678) was proposed by Modeltest, and was subsequently used in the ML analysis. A 
single tree with a score of -3871.65 was produced by ML analysis (Fig. 12). In the 
Bayesian inference, identical majority-rule consensus trees were obtained in each of 
the four runs from the remaining trees after the first 20 000 trees were discarded (Fig. 
11;     -lnL = 4437.05 - 4451.10). 
 
The trees confirm the monophyly of the three clades (south-eastern clade, north-
central clade, A. knobeli) as previously described by Matthee and Flemming (2002; 
Figs. 10-12). The phylogenetic analyses also recover the four main clades within the 
CFM (with bootstrap support and significant posterior probability values), thus 
showing congruency with the network analyses presented above. However, high 
support is confined to the monophyly of clades and little resolution was obtained 
within the clades.  
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Sequence divergence ranges from 10 – 11% for ND2 and 6 – 8% for CR among A. 
knobeli and the four CFM clades, while sequence variation is between 7 – 9% for 
ND2 and 4 – 6% for CR among the northern-central southern African clade and the 
four CFM clades (Table 1).  
 
The central CFM clade is more closely related to the additional samples from the 
Matthee and Flemming (2002) study (Nieuwoudtville, Grahamstown, Qwa-Qwa, 
Bloemfontein, Beaufort West and Transkei) than to any other clade detected in this 
study. However, the isolated sampling locality of Pretoria seem to be the exception. 
The sequence divergence between the Pretoria individuals and the central CFM clade 
(6.63% for ND2 and 4.13% for CR; Table 1) and this sequence divergence value is 
higher than the sequence variation among the four clades.  
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Figure 10.  A parsimony phylogram for the 61 A. atra haplotypes and the additional samples from the 
rest of Southern Africa. Individuals outside the CFM and still within the Southern-eastern Southern 
African clade are indicated by a black square. Bootstrap support values are indicated above nodes.
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Figure 11.  Bayesian topology for Southern Africa A. atra. Individuals outside the CFM and still 
within the Southern-eastern Southern African clade are indicated by a black square.  Significantly 
supported nodes (>0.95 posterior probability) are indicated by the an asterisk. 
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Figure 12.  A maximum likelihood phylogram for A. atra. Individuals outside the CFM and still within 
the Southern-eastern Southern African clade are indicated by a black square. The values above the 
branches indicate bootstrap support higher than 50% for the respective nodes. 
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Chapter 4. Discussion 
 
4.1 Comparisons of mtDNA regions 
Most phylogeographic studies of lizards used the mtDNA genes Cytb, 16S and /or 
ND2 (e.g. Matthee & Flemming 2002; Brown et al. 2002; Townsend & Larson 2002). 
Although CR is often used in other vertebrate studies due to is high variability (e.g. 
Ravaoarimanana et al. 2004; Hirota et al. 2004; Winney et al. 2004), it is seldom used 
in studies on reptiles and this is one of the first studies to utilise CR in investigating 
the phylogeographic relationship for a lizard taxon. Given that the CR is a non-protein 
coding region one would expect that changes in this fragment would occur at least at 
similar rates to the third position transitions in protein coding genes. Thus, 
considering all three codon positions, it is expected that the non coding control region 
will have greater divergence than protein coding mtDNA genes (Hoelzel et al. 1994; 
Sbisa` et al. 1997). However, in the present study the average sequence divergences 
for CR were much lower than ND2 (Table 1) and this pattern has also been previously 
documented in snakes, Crotalus viridis (Ashton & de Queiroz 2001). The authors 
suggested that the higher sequence divergence found in ND2 relative to the CR is due 
to the fact that changes occurred more frequently in the ND2 third codon positions 
than in the CR overall. The present study support this notion as the 3rd codon sites in 
the ND2 region of A. atra once again account for most of the variation as also 
expressed by the number of phylogenetically informative characters (ND2 = 53; CR = 
30). This is also consistent with the functional constraints applied to codon positions 
within protein-coding genes (Moritz et al. 1987). Although third codon positions 
change faster than first and second codon positions because changes at this position 
are nearly always synonymous (Koepfli & Wayne 1998).  
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To visualize the relative rates of evolution of the mtDNA fragments used in the 
present study, the uncorrected sequence divergence of the CR vs. the overall 
uncorrected sequence divergence ND2 and separately for each of the codon position 
of the ND2 gene was plotted (Appendix B). The ND2 gene showed overall greater 
divergence than CR, which is mainly contributed to the third codon position 
(Appendix B). The first position shows the same levels of sequence divergence as the 
CR while the ND2 second position have much lower levels of sequence variation than 
the CR (Appendix B). This is the same result as observed by Ashton & de Queiroz 
(2001), suggesting that overall it seems that the ND2 region in reptiles has a high 
mutation rate than the CR and should thus rather be used when divergences among 
individuals are expected to be small.  The reason for this discrepancy is unknown but 
is probably due to different functional constraints on the two regions. Protein-coding 
genes, like ND2 are subject selection acting upon amino acid substitutions (Graur & 
Li 1991; Yoder et al. 1996). In addition, the substitution rates at different codon 
positions differ due to differences in function. It is also interesting to note that the 
pattern is different in other vertebrate groups studied thus far (e.g. Lloyd 2003). 
 
4.2 Atra phylogeography  
The present study accentuates the importance of geographic sampling when 
employing molecular techniques to detect evolutionary lineages within a single 
species. The previous taxonomic investigation performed by Matthee and Flemming 
(2002) detected two well-differentiated mtDNA lineages within South Africa (south-
eastern clade, north-central clade, Figs. 10 – 12). These lineages were supported with 
high bootstrap support, significant posterior probabilities and large sequence 
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divergence values. By employing fine-scale sampling within one of these assemblages 
(their south-eastern clade), at least three additional distinct A. atra mtDNA clades 
were detected.  The extended sampling was mainly confined to the CFM and within 
this region this study contributed significantly towards resolving the evolution among 
populations.  
 
In the CFM, four mtDNA clades (Cape Peninsula clade, a northern CFM clade, a 
Limietberg clade and a central CFM clade; Fig 6) were detected and these were well 
defined genetically and also geographically distinct. The A. atra clades were 
supported by both mtDNA fragments (ND2 and CR) and isolation by distance does 
not seem to be an important factor in large-scale phylogeographic patterns in this 
species (Fig. 8). The uniqueness of the four mtDNA lineages was supported by the 
median-joining network, phylogenetic analysis, AMOVA results and higher sequence 
divergence values among, than within, monophyletic groupings. Thus the data show a 
significant lack of maternal gene flow across the regions, with no haplotype being 
shared across the four A. atra populations. 
 
The analyses suggest that the Cape Peninsula clade is most closely related to the 
central CFM clade. This is supported by the population analysis, where the pairwise 
FST values also revealed that the northern CFM clade and the Limietberg clade are 
more distant (Tables 2, 4, 6). The support for this is however low (not supported by 
bootstrap or Bayesian posterior probabilities) and the short internal branches on the 
phylograms rather tend to suggest that the isolation among these clades was more or 
less contemporaneous. There is also a discrepancy in distinctness of the Cape 
peninsula based on ND2 and CR. However, this can be ascribed to the faster rate of 
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mutation for the ND2 region when compared to the CR Irrespective of the exact 
relationship to each other, the monophyly of the four main mtDNA clades can be seen 
as robust, and this is supported by a high number of mutational steps separating them 
(25 – 49 steps; Fig 6).  
 
The SAMOVA results suggest that six populations can be found in the CFM. Three of 
these populations correspond to the already identified clades (the Cape Peninsula; 
northern CFM; Limietberg). However, it also suggests that the central CFM clade can 
be further divided into three populations (west, middle and east groupings; Fig. 3). 
This shows that SAMOVA was effective in detecting additional groups within the 
CFM, making it a useful addition. For example, this analysis allowed the a posteriori 
identification of populations that the networks did not indicate with any sort of 
statistical confidence.  
 
Nested clade analyses also supported subdivision of the central CFM clade (middle-
eastern group and western group) and suggested that this resulted from restricted gene 
flow with isolation by distance and, in addition, indicated that the western group is 
also highly diversified. However, not all the localities within the western group found 
by the nested clade analysis match up with the localities suggested by the SAMOVA 
analysis. The situation is clearly complex and would require more fine scale sampling 
in the potential zone of contact.  Irrespective, all the analyses showed a high 
diversification in the western part of the CFR, which is consistent with the patterns 
reported for the some CFR flora (Linder 2003).  
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At the larger scale, all A. atra populations within the CFM fall within the south-
eastern clade previously detected by Matthee and Flemming (2002).  Specimens 
sampled at Nieuwoudtville, Grahamstown, Qwa-Qwa, Bloemfontein, Beaufort West 
and Transkei fall either within or closer to the central CFM clade than to any other 
clade detected in this study. The central CFM clade may thus be widely spread over a 
much greater geographical area. This is supported by the fact that the central CFM 
clade contains the highest haplotype and nucleotide diversity (Tables 3, 5, 7). From a 
geographical perspective, most of the south-eastern clade (Matthee & Flemming 
2002) populations inhabit the Drakensberg/Great Escarpment mountain range (which 
is mostly continuous along the southern and eastern coast of Southern Africa), 
whereas Bloemfontein (basal to the central CFM clade) is more isolated. However, 
the isolated sampling locality of Pretoria seem to be the exception, which confirm the 
more isolated nature of the Pretoria population found by Matthee and Flemming 
(2002). This is particularly evident in the Bayesian analysis, which is more sensitive 
for short branches (Huelsenbeck & Ronquest 2004).  The Pretoria population occupies 
isolated rocky outcrops and might represent one of the populations at the edge of the 
distribution of the species.  
 
The four clades found in the CFM are interesting and warrant some further discussion 
as to the potential factors causing the genetic isolation among these lineages.  The 
CFM is an ancient mountain range, more then 200 MYA old (Gresse et al. 1992; 
Hälbich et al. 1983), thus the uplifting of these mountains played no roll in the 
divergence among A. atra clades. Floristically there is a change in species richness 
and endemism between the western and eastern halves of the CFR, with the western 
half containing approximately double the number of species and endemism than the 
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eastern half (Oliver et al. 1983; Goldblatt & Manning 2000; Linder 2001; Linder 
2003). These differences in the flora species richness and endemism between these 
western and eastern halves of the CFR are credited to the distinct climate and 
topography of these two regions (Linder 2003). The eastern region receives summer 
rain, caused by the south-easterly trade winds from warm Indian Ocean, and winter 
rains, from the westerly winds bringing rain off the Atlantic. These two systems make 
the eastern region an area characterized by an all-year rainfall regime. However, the 
western region falls in the rain-shadow of Caledon and the Riviersonderend 
Mountains, which effectively cut off the south-easterly trade winds, eliminating 
summer rainfall in this area. Different climatic histories could have been found in 
these two regions, because changes (decrease or increase) in the south-easterly trade 
wind would have a major impact on the eastern CFR, but have little impact on the 
western part. In contrast, changes in circumpolar circulation would have a greater 
impact on the western CFR than the eastern areas (Cowling et al. 1999; Linder 2003). 
Some CFR flora showed a high diversification in the west in contrast to the relatively 
species-poor Southern/Eastern Cape (Thamnochortus, Linder & Mann 1998; 
Pelargonium, Bakker et al. 1999). This high diversification can be due to colonisation 
from the south or a climatic change (Linder & Mann 1998; Linder 2003). In the case 
of the latter, the entire CFR may have originally had the same climate as the Southern 
Cape has today, with the dry summers in the western parts evolving later, leading to 
further speciation in the west. These climatic conditions may have also caused the 
high diversification in A. atra in the western parts of the CFM. 
 
Furthermore, in areas that have been repeatedly affected by climatic and vegetation 
changes, such as the CFM, the observed spatial distribution of genetic variation may 
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be strongly influenced by extinction/recolonization or expanding/retracting cycles. 
For instance, when the population contracted, a once continuous population could 
have been divided into isolated “islands”. These “islands” in return would enhance 
allopatric speciation (Brain 1985; Bauer 1999), especially in species that are habitat 
specific. 
 
For example, the high level of floral endemism in the Western Cape Province has 
been associated with habitat fragmentation and range restrictions due to climate 
variations (Linder et al. 1992; Midgley et al. 2001; Linder 2003). Furthermore, the 
Pliocene interglacial and glacial periods are thought to have been a major driving 
force in floral speciation and differentiation in this region (Richardson et al. 2001). 
Thus, although no obvious physical barrier can be detected between the northern 
CFM clade, the Limietberg clade and the central CFM clade, these groupings may be 
the result of climate change or the resulting habitat fragmentation. Southern Africa 
had experienced a range of extreme aridity and more mesic periods throughout the 
Pliocene oscillating periods (Van Zinderen Bakke & Mercer 1986; Lancaster 1989). If 
the molecular clock is correct, the main cladogenesis of A. atra within the CFM took 
place approximately ~6.5 - 9 MYA. Thus, the Pliocene oscillating periods could have 
played a roll in the evolution of A. atra, by fragmenting a once widespread and 
genetically variable A. atra population in different refugia, with re-expansions when 
the climate became more suitable. This sequence of events would probably have 
cause a reduced population size, range and genetic variability. Thus, different 
outcomes of genetic drift in each of the remaining populations may explain the 
current genetic pattern within the CFM. The Pleistocene has previously been 
recognised as a period that accounts for the diversity in intraspecific phylogeographic 
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units (Crochet et al. 2004; Hedges 1999). However for some lizard species 
diversification originated from much older events (C. oelofseni, Daniëls et al. 2003).  
 
However, vegetation zones have also responded to the climatic conditions mentioned 
above. This response was complex given that isolated patches of various vegetation 
types were regularly created by the climatic fluctuations, several of which may have 
been isolated from each other for some time (Scott 1995; Midgley et al. 2001; 
Barrable et al. 2002). For example, during the Miocene, subtropical forest was the 
dominant vegetation type in the Cape. However glacial periods in the Pliocene 
resulted in drier climatic conditions and rainforest zones retracted, exposing novel 
habitats (Hewitt 2000). In the wetter interglacial periods of the Pliocene the forest 
zones expanded again. Agama atra is absent in dense forests and on rocky outcrops 
that are surrounded by dense vegetation (Burrage 1974). Thus it is likely that A. atra 
within the CFM has undergone several periods of isolation as a result of forest 
fluctuations and changes.  
 
The Cape Peninsula clade may be the result of the above-mentioned isolations. It has 
however also been documented that sea-level changes (due to glacial/interglacial 
cycles) were responsible for flooding the Cape Flats. The Cape Flats is a coastal plain 
that separates the Cape Peninsula from the rest of the CFM, and is presently only a 
few metres above sea level. Sea-level changes have occurred throughout the Cenozoic 
to the middle Miocene, and the glacial and interglacial cycles of the Pliocene (Deacon 
1983; Hendey 1983b). Although the last time the Cape Flats was flooded was in the 
early Pliocene sea-level changes still occurred throughout the Pleistocene and 
Quarternary interglacial, but it has risen no more than 6 m (Hendey 1983b). During 
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these interglacial periods warm, mesic conditions prevailed and the Cape Flats was 
periodically covered with forest during these wetter periods (Hendey 1983a, b). These 
periods may have interrupted a more widespread A. atra distribution, which occurred 
during the colder and drier glacial periods. Thus, the A. atra population may have 
become isolated in the Cape Peninsula, where subsequently this group has evolved. 
What makes this pattern particularly intriguing is the fact that genetic isolation of the 
Cape Peninsula region has also been detected in other fauna species such as in isopod 
species of the genus Mesamphisopus (Gouws et al. 2003) and a freshwater crab 
species, Potamonautes brincki (Daniels et al. 2001). The Cape Peninsula is also well 
known for its high endemism in plant species (Trinder-Smith et al. 1996; Linder & 
Mann 1998; Linder 2003). 
 
4.3 High genetic diversification 
Various of studies have also found that high levels of genetic differentiation can occur 
among geographic populations within a single species (e.g. Gifford et al. 2004). High 
levels of interspecific variation have also been reported in conspecific reptile taxa for 
the ND2 gene. For example, in the same region, sequence divergence between closely 
related Bradypodion species ranges from 2.3% between B. ventrale and B. 
taeniabronchum to 16.5% between B. setaroi and B. pumilum (ND2, 987 bp; Tolley et 
al. 2004). Variation between two Laudakia species (L. erythrogastra and L. caucasia; 
Family: Agamadidae) is ± 5% (Macey 1998). At this stage it is not possible to make 
firm taxonomic conclusions based on the outcome of this study but interestingly, the 
observed level of ND2 sequence divergence between A. atra lineages falls within 
these interspecific levels when compared to other lizards.  Clearly, more intensive 
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sampling in the contact zones, morphological investigations and nuclear DNA 
markers are needed for a comprehensive taxonomic revision.   
 
4.4 Conservation implications 
In a conservation framework, terms such as management unit (MU) or evolutionary 
significant unit (ESU) have been proposed to avoid the species definition problem 
(Ryder 1986; Moritz 1994). MUs are identified as populations that differ considerably 
in allele frequency distributions and have substantial divergences in mtDNA or 
nuclear DNA, whereas ESUs are defined by the presence of both.  More recently it 
has been suggested that these populations must also be separated on the basis of 
morphological or ecological differences. It is not known whether any morphological 
or ecological differences among the four CFM clades (Cape Peninsula clade, northern 
CFM clade, Limietberg clade and central CFM clade) exist or whether these clades 
will be retained if nuclear loci are added to the analysis. Thus, the four clades from 
the CFM, among which there is probably little or no gene flow, can at this stage be 
considered as different MUs (Moritz 1994) that deserve separate conservation status. 
 
Conservation genetics entails the use of genetics to preserve species as dynamic 
entities capable of coping with environmental changes. Studies involving multiple 
taxa and congruency in their phylogeographical patterns have important conservation 
implications (Avise 2000; Ditchfield 2000; Sullivan et al. 2000; Arbogast & Kenagy 
2001; Branch et al. 2003). Numerous taxa also have the northern CFM clade spilt, 
especially for the Cederberg, which is known for its uniqueness and high degree of 
endemism (e.g. this study; Linder & Mann 1998; Linder 2003; Makokha 2004). In 
addition, the Cape Peninsula clade can also be seen in a number of different species 
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(Harrison & Barnard 1972; Daniels et al. 2001; Gouws et al. 2003) and this region is 
inhabited by several endemic plant and animal species (Picker & Samways 1996; 
Trinder-Smith et al. 1996; Linder & Mann 1998; Linder 2003). Clearly these areas 
can be regarded as “hotspots” for speciation. In concert these results suggest that the 
Cederberg (represented by the northern CFM clade) and the Cape Peninsula are each 
inhabited by a distinct group of fauna and conservation decisions concerning these 
areas should be taken with caution in order to preserve as much of the biodiversity as 
possible.  
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Appendix A. List of the A. atra specimens examined, with ID/sample number, sampling locality and 
GenBank accession numbers for each mtDNA fragment. Sampling locality details are given as decimal 
degrees for A. atra and the locality names correspond to those in Fig. 2.  
 
Sample no. Locality ND2 CR Long East Lat South 
A10 Gordons Bay   18.956 -34.220
A26 Port Elizabeth   25.600 -33.967
A27 Port Elizabeth   25.600 -33.967
A7 Gordons Bay   18.956 -34.220
A8 Gordons Bay   18.956 -34.220
A9 Gordons Bay   18.956 -34.220
MH0710/AA10 Riviersonderendberg   19.520 -33.954
MH0826/AA11 Gordons Bay   18.875 -32.287
MH0828/AA12 Turret Peak, Cederberg   19.216 -32.892
MH0730/AA15 Sneeukop, Cederberg,    19.162 -32.354
MH0836/AA17 Waboomsberg   19.469 -33.258
MH0767/AA18 Kaggakamma   19.536 -32.748
MH0819/AA19 northern Cederberg   19.209 -32.415
MH0195/AA1 Keeromsberg, Hex River Mountains   19.664 -33.565
MH0332/AA20 northern Cederberg   19.095 -32.073
KTH268 northern Cederberg   19.036 -32.161
MH1189/AA23 Attakwa Mountains   21.925 -33.826
MH1115/AA24 Louterwater, Tsitsikamma Mountains    23.673 -33.850
MH1117/AA25 Hudsonvale, Tsitsikamma Mountains   24.191 -33.952
AA26 Suurberg   25.823 -33.289
DDT01/AA27 southern Cederberg   19.317 -32.523
V206/AA2 Thomas Hut, Hex River Mountains   19.410 -33.549
VC024/AA4 Die Hel, Groot Swartberg   21.796 -33.349
V332/AA5 Millwood, Outeniqua Mountains   22.945 -33.816
CF125/AA6 southern Cederberg   19.273 -32.488
MH0689/AA7 Witteberg   20.511 -33.281
MH0690/AA8 Riviersonderendberg   19.491 -33.975
MH0683/AA9 Riviersonderendberg   19.894 -34.049
AABK1 Baviaanskloof Mountains   23.819 -33.614
AABK2 Baviaanskloof Mountains   24.089 -33.523
AABK3 Baviaanskloof Mountains   24.094 -33.524
AABK4 Baviaanskloof Mountains   24.051 -33.520
AACC1 Cockscomb, Groot Winterhoek Mountains  24.792 -33.568
AADP1 Devils Peak, Cape Peninsula   18.449 -33.951
AADP2 Devils Peak, Cape Peninsula   18.440 -33.955
AADR1 Outeniqua Mountains   22.089 -33.824
AADR2 Outeniqua Mountains   22.089 -33.824
AADR3 Outeniqua Mountains   22.089 -33.825
AAEB1 Elandsberg   25.066 -33.817
AAJH1 Jonkershoek    18.994 -34.003
AAJH2 Jonkershoek    18.970 -33.991
AAJH4 Jonkershoek    18.973 -33.993
AAJH5 Jonkershoek    18.976 -33.994
AAKS1 Klein Swartberg   21.208 -33.464
AAKS2 Klein Swartberg   21.207 -33.463
AAKS3 Klein Swartberg   21.200 -33.455
AAKS4 Klein Swartberg   21.200 -33.455
AAKS5 Klein Swartberg   21.392 -33.407
AAKS6 Klein Swartberg   21.392 -33.407
Sample no. Locality ND2 CR Long East Lat South 
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AALS1 Lady's Slipper, Vanstadensberg 
  
25.268 -33.889
AALS2 Lady's Slipper, Vanstadensberg   25.268 -33.889
AALS3 Lady's Slipper, Vanstadensberg   25.261 -33.891
AASB1 Steenboksberg   19.452 -34.316
AASB2 Steenboksberg 
  
19.453 -34.318
AASC1 Scarborough, Cape Peninsula   18.398 -34.208
BS10 Groot Winterhoek Nature Reserve   19.141 -33.033
BS11 Riviersonderend Mountains   19.519 -33.948
BS12 Riviersonderend Mountains 
  
19.523 -33.926
BS13 Riviersonderend Mountains   19.525 -33.928
BS14 Riviersonderend Mountains   19.525 -33.928
BS15 Hartenbos   22.115 -34.133
BS16 Hartenbos 
  
22.115 -34.133
BS18 Robertson Pass, Outeniqua Mountains   22.038 -33.845
BS19 Robertson Pass, Outeniqua Mountains   22.038 -33.845
BS20 Robertson Pass, Outeniqua Mountains   22.038 -33.845
BS21 Silvermine, Cape Peninsula 
  
18.418 -34.103
BS22 Silvermine, Cape Peninsula   18.418 -34.103
BS23 Scarborough, Cape Peninsula   18.398 -34.208
BS24 Tradouw Pass, Langeberg   20.711 -33.990
BS25 Tradouw Pass, Langeberg 
  
20.710 -33.986
BS5 Limietberg   19.101 -33.702
BS6 Limietberg   19.095 -33.681
BS7 Limietberg   19.088 -33.686
BS8 Groot Winterhoek Nature Reserve 
  
19.083 -32.980
BS9 Groot Winterhoek Nature Reserve   19.094 -32.992
G1 Gordons Bay   18.956 -34.220
G2 Gordons Bay   18.956 -34.220
G3 Gordons Bay 
  
18.956 -34.220
KTH147 Attakwa Mountains   21.929 -33.823
KTH148 Tsitsikamma Mountains   23.809 -33.863
KTH162 Tsitsikamma Mountains   24.191 -33.952
KTH170 Attakwa Mountains 
  
21.928 -33.824
KTH175 Kareedouw Mountain   24.429 -34.019
KTH184 Suurberg   25.823 -33.289
KTH186 Attakwa Mountains   21.927 -33.824
KTH274 northern Cederberg 
  
19.030 -32.162
KTH278 northern Cederberg   19.003 -32.138
KTH282 Bainskloof    19.110 -33.603
KTH283 northern Cederberg   19.001 -32.138
KTH40 Salmonsdam, Langeberg 
  
19.656 -34.429
KTH58 Robertson   19.741 -33.777
KTH59 Cape Point, Cape Peninsula   18.474 -33.572
KTH66 Anysberg   20.471 -33.529
KTH9 Salmonsdam, Langeberg 
  
19.656 -34.429
AAKF1 Waboomsberg   19.583 -32.867
KTH358 Bainskloof   19.102 -33.618
A2 Vaalputs   18.527 -30.134
A17 Eksteensfontein 
  
17.254 -28.824
A15 Eksteensfontein   17.254 -28.824
A36 Postmansburg   22.938 -28.390
A12 Augrabies   20.333 -28.583
A40 Pretoria 
  
28.278 -25.616
Sample no. Locality ND2 CR Long East Lat South 
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AA29 Transkei   
No 
information
No 
information
AA30 Transkei   
No 
information
No 
information
AA31 Transkei   
No 
information
No 
information
A19 Bloemfontein   26.158 -29.039
A4 Nieuwoudtsville   19.107 -31.378
A28 Qwa-Qwa   28.667 -28.517
A32 Grahamstown   26.532 -33.302
A46 Beauford West   22.978 -31.798
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Appendix B: Uncorrected sequence divergence of the CR region vs uncorrected 
sequence divergences for the ND2 gene.   
 
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.00 0.02 0.04 0.06 0.08 0.10 0.12
ND2 sequence divergence 
CR
 
s
e
qu
e
n
c
e
 
di
v
e
rg
e
n
c
e
 
 
Uncorrected sequence divergence of the CR region vs. the overall uncorrected sequence divergences 
for the ND2 gene.   
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Uncorrected sequence divergence of the CR region vs. the uncorrected sequence divergences for the 
first codon position of the ND2 gene.   
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Uncorrected sequence divergence of the CR region vs. the uncorrected sequence divergences for the 
second codon position of the ND2 gene.   
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Uncorrected sequence divergence of the CR region vs. the uncorrected sequence divergences for the 
third codon position of the ND2 gene.   
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